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the year 2020 the buildings in EU should have nearly zero energy consumption. Meeting building electrical and 
thermal loads will be primarily achieved through an extensive use of renewables, following standard building energy 
saving measures. Photovoltaic systems are expected to take a leading role in providing the electrical energy needs, as 
they can contribute directly to the building electricity. 
Among the renewable energy resources, solar energy is the most essential and prerequisite resource of sustainable 
energy because of its ubiquity, abundance, and sustainability. The systems that are usually employed in buildings are 
photovoltaic systems and solar thermal collectors. Photovoltaic systems can supply the electricity required to the 
building or the generated electricity can be fed/sold to the grid. Direct grid connection is usually preferred as the 
system does not require batteries for energy storage and one takes advantage of higher electricity rates that can be 
obtained by selling the produced electricity to the grid.  
The advantages of building integration of RES are that more space is available on the building for the installation 
of the required area of the RES systems and that the traditional building component is replaced by the RES one, 
which increases the economic viability of the systems. 
The usual way to install a PV system on a house is to install it with brackets on a flat roof or on top of a sloping 
roof. The former is more pleasing aesthetically, but the idea of building integration systems is to be able to replace a 
building element with the PV system and thus increase the prospects of the RES system. Originally, one of the best 
typical applications considered to integrate PV on buildings was as shading devices. These are installed over south 
facing windows, replacing the traditional overhangs. They also supply electricity from the PVs which are located at 
an optimal direction and angle to offer the maximum shading and also the maximum radiation capture. 
Integration improves the cost effectiveness by having the PV panels provide additional functions that involve 
active solar heating and daylighting. The following are some recognized methods of beneficial integration: 
A. Integrating the PV Panels into the Building Envelope (BIPV). This strategy involves the replacement of roof 
shingles or wall cladding with PV panels. It has significant advantages over the more usual “add-on” strategy. Not 
only does it eliminate an extra component (e.g., shingles) but it also eliminates penetrations of a pre-existing 
envelope that are required in order to attach the panel to the building. Architectural and aesthetic integration is a 
major requirement in this type of BIPV system. Not only can this strategy lead to much higher levels of overall 
performance, but it can also provide enhanced durability. 
B. Integrating Heat Collection Functions into the PV Panel (BIPV/T). PV panels typically convert from about 6 
to 18 % of the incident solar energy to electrical energy, and the remaining solar energy is available to be captured as 
useful heat. This is normally lost as heat to the outdoor environment. In this strategy, a coolant fluid, such as water 
or air, is circulated behind the panel, extracting useful heat. The coolant also serves to lower the temperature of the 
panel; this is beneficial, because the panel efficiency increases with lower panel temperature. This strategy can be 
adopted in either an open-loop or a closed-loop configuration. In an open loop configuration, outdoor air is passed 
under PV panels and the recovered heat can be used for space heating, preheating of ventilation air, or heating 
domestic hot water - either by direct means or through a heat pump. 
Two applications that fall into the above two categories are the PV roof and the PV façade. It should be noted that 
in these cases the appropriate building component (roof or wall or their finish) is replaced by the PV. This is 
advantageous for the economic viability of the PV system but creates a number of problems that need to be resolved. 
These are: protection from rain penetration and increase of temperature of the building component and consequent 
addition of thermal load to the building during summertime. For this purpose an air gap is left between the back of 
the PV panel and the basic building component through which usually fresh air is allowed to flow. This air-flow can 
be directed into the building during winter time, in which case re-circulated air from the building is used, or thrown 
away to the environment during summer time. 
C. Integrating Light Transmission Functions into the PV Panel (BIPV/L). This strategy uses special PV panels 
(semi-transparent PVs) that transmit sunlight. As was the case for the previous approach, this strategy utilises the 
fact that only a fraction of the incident solar energy is converted into electricity, and the remainder can be used for 
other purposes - in this case for useful lighting, thereby saving energy that electrical lights would otherwise use. 
Thin-film PV cells that let some sunlight through are commercially available for this purpose. A major challenge is 
to limit the temperature rise of the windows, and control the impact of the associated heat gains, during times when 
91 Soteris A. Kalogirou et al. /  Procedia IUTAM  11 ( 2014 )  89 – 97 
 
build
can t
2. M
T
have
F
wher
fluid
heat 
(for 
 
T
zero
In
envi
air, w
is lo
F
offer
softw
most
N
mesh
ing cooling i
herefore func
athematical 
o formulate t
 used basic he
or heat transfe
ȡc
t
Tȡc pp w
w
e t (s) is time
 density, u is 
sources with 
instance when
he same equa
. 
 the case of
ronment. In th
hile at the a
st to the envir
or the numeri
s the possibi
are package
 importantly 
umerical solu
 according to
s required. C
tion as shadin
model
he heat excha
at transfer eq
r in fluids the
T(kTu  
, T (K) is flui
the flow velo
positive sign 
 there is heat
Fig. 1. Si
tion can be u
 study the ex
e boundary b
ir-wall bound
onment. 
cal solution 
lity to create
. It is also cha
its adaptabilit
tion software
 the physics 
ompared to n
g devices. 
nge process b
uations. 
 following he
Q,)   
d temperature
city (m s–1),  
if heat is add
 loss to the en
de view of the ai
sed for the he
ternal side o
etween the P
ary the hotter
set up, Coms
 the geometry
racterized by
y where the u
 Comsol, can
pre-selected b
ormal windo
etween a flu
at equation m
  
, cp (J kg–1 K
k (W m–1 K–1)
ed to the fluid
vironment). 
r gap between th
at transfer in 
f the PV pan
V-panel and t
 air transfers 
ol Multiphysi
, the grid, th
 its compatib
ser can manu
 also adapt a p
y the user w
ws, these win
id flowing be
ay be used. 
–1) is the spec
 is the therma
 volume and 
e PV panel and th
solids and pro
el gains hea
he air gap hea
heat to the w
cs 4.3a softw
e pre-proces
ility with oth
ally import a 
hysics contro
ith the option
dows have a
tween the PV
ific heat at co
l conductivit
negative if he
 
e wall (dimensio
vided that u
t from solar 
t flows from 
all. Finally at 
are2 has been
sing and post
er design and
required form
lled mesh wh
 to modify it 
 reduced ligh
 panel and th
nstant pressur
y and Q (W m
at is extracted
ns in m). 
= 0 the conve
radiation and
the hotter pan
the external w
 used in 2D 
-processing s
solution softw
ula.  
ere it is an au
according to 
t transmission
e wall (Fig. 1
e, ȡ (kg/m3) i
–3) is one or 
 from the vo
ctive term is 
 loses heat t
el to the strea
all boundary
geometry. Co
olution unde
are package
tomatic gene
the user need
 and 
) we 
(1) 
s the 
more 
lume 
set to 
o the 
m of 
 heat 
msol 
r one 
s and 
rated 
s. On 
92   Soteris A. Kalogirou et al. /  Procedia IUTAM  11 ( 2014 )  89 – 97 
 
the time dependent solver solution operation, Comsol software can freely choose time steps, according to the 
calculated error, which can reduce computational memory and time. 
3. Results and Discussion 
To run the program the various parameters were adjusted according to a real case scenario. The actual values 
used are shown in Table 1. 
     Table 1. Physical properties. 
Property ȡ 
kg m–3 
cp 
J kg–1 K–1 
k 
W m–1 K–1 
h 
W m–2 K–1 
PV-panel 1500 1760 0.360 16 (external surfaces) 
Air-gap 1.2 1000 0.026* 3–3.5* (internal surfaces) 
Wall 2000 1500 1.460 15 
Note: *Evaluated at every time-step 
 
Also equations describing the solar radiation falling on the PV panel were derived for a typical day in June in 
Cyprus and used for three vertical surfaces facing east, south and west. In the simulations it was assumed that 85% 
of the falling radiation is converted to heat, whereas the other 15% is converted into electricity that is the usual 
efficiency of polycrystalline silicon solar cells. The graphical presentation of the solar radiation on the three 
orientations during the day and the temperature variation are shown in Fig. 2. 
 
 
Fig. 2. Solar radiation on vertical surfaces orientated east, south and west and the temperature variation during a typical June day in Cyprus. 
The internal heat transfer coefficient between the air and the boundary surfaces was calculated using the 
following method. The flow is considered to occur between two parallel plates under uniform heat flux. There are 
two cases here; the first is when the system operates under natural convection and the second when operating under 
forced convection where a fan is used to create a flow of air in the gap between the PV and the wall element. In the 
first case the Bar-Cohen and Rohsenow3 analysis is employed with the Nusselt number (NuL) being given by 
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where L is the gap height and RaS is the Raleigh number for the gap opening S, given by  
4
S
S 2
gȕq SRa Pr,
kv
 
     (3) 
where g is the acceleration due to gravity (= 9.81 m s–1), ȕ is the volumetric coefficient of expansion, 
Sq   is the heat 
flux, S is the air-gap, k is the thermal conductivity of the air, Ȟ is the dynamic viscosity and Pr is the Prandtl number. 
By following the above analysis for the gap of 0.05 m the heat transfer coefficient h obtained is 3.909 W m–2 K–1. 
The values for the various air-gap sizes are shown in Table 2. By assuming that the system is operating under forced 
convection in the laminar flow range the velocities that correspond to these heat transfer coefficients can be 
calculated. This assumption is not absolutely correct but gives an indication of the velocities needed as input to the 
program to solve Eq. (1). Under this condition, for a large aspect ratio of the air channel the Nusselt number is fixed 
and equal to 8.24 (for a constant heat flux). This gives a heat transfer coefficient equal to 2.253 W m–2 K–1, which -  
although differring from the above value - is of the same order of magnitude. The maximum air velocity to achieve 
laminar flow so as this analysis is valid gives a velocity of 0.395 m s–1. 
By following this analysis the velocity obtained for the various air gaps is shown in Table 2.  
     Table 2. Heat transfer coefficient and maximum air velocity in the gap. 
Gap size (m) h 
W m–2 K–1 
Maximum velocity 
m s–1 
0.02 3.627 0.959 
0.04 3.889 0.489 
0.06 3.919 0.332 
0.09 3.927 0.228 
 
Using the above data, the simulation for a 3 m PV-panel, with an air gap of 0.02 m and a steady flow velocity of 
0.05 m s–1, showed that the greatest temperature is experienced on an east facing surface that reaches a maximum of 
77°C early in the morning (Fig. 3). The maximum temperature on a south facing panel is 51°C, while that on a west 
facing surface is 58°C. 
 
 
Fig. 3. Mean resulting temperatures on the external surface of a PV-panel orientated east, south and west during a typical June day in Cyprus. 
0
10
20
30
40
50
60
70
80
90
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Te
m
pe
ra
tu
re
(°
C)
hourofday
West
South
East
94   Soteris A. Kalogirou et al. /  Procedia IUTAM  11 ( 2014 )  89 – 97 
 
A
of th
tem
wal
oute
of th
N
velo
air i
whe
low
 
Fig.
t this point it
e temperatur
perature is 77
l temperature 
r surface. Th
e building is
ext we obser
city of 0.05 m
s cooler at th
re we observ
er side.  
 4. Mean resultin
Fig
 is of interest
e in the width
°C. Then the 
is only slight
is shows that 
 avoided. 
ve the tempe
 s–1. It is cle
e entry (alwa
e that the heat
g temperatures o
. 5. Temperature 
 to observe th
 of the PV-pa
flow of air ca
ly affected, re
the air flow th
rature variatio
arly seen that
ys equal to th
 penetrates d
n the external an
variation in the s
e heat flow th
nel, reaching
uses a drop o
aching a max
rough the ca
n in the struc
 the lower par
e ambient air
eeper on the t
d internal surface
Cy
tructure for an ai
rough the stru
 a maximum 
f the tempera
imum of 27.
vity causes su
ture (Fig. 5) 
t of the struc
) than the top
op side of the
 of the PV-panel
prus. 
r gap of 0.02 m a
cture. Fig. 4 
of 71°C at the
ture in such a
5°C at the air
fficient cooli
for an air gap
ture is cooled
. The same c
 wall increasi
 and the wall, ori
nd a steady flow
shows that th
 inside surfac
 way that afte
-wall boundar
ng and the the
 of 0.02 m an
 more than th
ondition occu
ng its tempera
entated east durin
 velocity of 0.05 
ere is a gradu
e when the o
r several hour
y and 23.5°C
rmal load inc
d a steady air
e top part sin
rs also on the
ture more th
 
g a typical June
m s–1. 
al fall 
utside 
s, the 
 at its 
rease 
 flow 
ce the 
 wall 
an the 
day in 
95 Soteris A. Kalogirou et al. /  Procedia IUTAM  11 ( 2014 )  89 – 97 
 
The two main variables that are of importance to the PV-panel temperature are the air-gap width and the air 
velocity. Fig. 6 shows the effect of the air-gap width w for a steady air velocity of 0.2 m s–1. As it is shown, the 
bigger the gap the less the average PV-panel temperature is at the boundary between the PV-panel and the air gap. 
By plotting the temperature against the air-gap width, shown in Fig. 7, it can be concluded that a width greater than 
0.05 m has no additional effect on the temperature.  
 
 
Fig. 6. Effect of the air-gap width w on the average temperature at the boundary between the PV-panel and the air-gap with respect to time, for an 
air velocity of 0.2 m s–1. 
 
Fig. 7. Maximum temperature at the boundary between the PV-panel and the air gap against the air-gap width, for an air velocity of 0.2 m s–1. 
Finally, it is shown that the air velocity is another important factor. Its increase has a similar effect as the increase 
of the air-gap length. As it is shown in Fig. 8, drawn for an air-gap length of 0.02 m, an air velocity of 0.6 m s–1 can 
lower the mean temperature of the panel from 77°C to 39°C and a velocity of 1.2 m s–1 to 31.7°C, allowing for a 
significant increase in its efficiency. Fig. 9 shows that an increase of the air velocity will have additional cooling 
effect on the panel.  
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Fig. 8. Effect of air velocity on the average PV-panel temperature at the boundary between the PV-panel and the air gap with respect to time, for 
an air gap length of 0.02 m. 
 
Fig. 9. Average PV-panel temperature against air velocity, for an air-gap length of 0.02 m. 
4. Discussion 
The Energy Performance of Buildings Directive (EPBD) requires that RES are actively promoted in offsetting 
conventional fossil fuel use in buildings. A better appreciation of PV and STS integration will directly support this 
objective, leading to an increased uptake in the application of renewables in buildings. This uptake in RES in 
buildings is expected to rise dramatically in the next few years. This is further augmented by a recast of the 
Directive, which specifies that the buildings in EU should have nearly zero energy consumption (residential and 
commercial buildings by the year 2020 and public buildings by 2018). Meeting building thermal loads will be 
primarily achieved through an extensive use of renewables, following standard building energy saving measures, 
such as good insulation or advanced glazing systems. Both PV and STS are expected to take a leading role in 
providing the electrical and thermal energy needs, as they can contribute directly to the building electricity, heating, 
cooling and domestic hot water requirements. 
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As can be seen from the solutions presented in this paper a number of ideas have been tried and others are just at 
the concept stage and generally more R&D effort is needed. It is believed that in the coming years more and more of 
these solutions/ideas will find their way in the market in view of the implementation of the directives imposed by 
the EU. 
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